Ghost cavitation, which is a term describing that cavitation bubbles are generated acoustically, has been hypothesized to occur when the ghost reflected signals from many individual air guns beneath the sea surface produce a pressure that is close to zero in the water above the source array. Ghost cavitation is typically observed some milliseconds after the ghost reflection, and it may last for 5-15 ms, depending on the configuration of the source array. The cavitation process subsequently generates a weak high-frequency signal. To investigate this potential signal model and mechanism, we have performed a dedicated source experiment. We found that the distance between the source strings in a source array is a major factor that influences the amount and strength of the high-frequency signal. By increasing the separation distance from 6.5 to 8 m, we have observed a significant decrease in the high-frequency signal. Further, the amount of ghost cavitation can be reduced by increasing the distance between the guns. Also single sub-arrays may create ghost cavitation sound, of course weaker in signal strength compared with full arrays, in agreement with the model. Conventional air-gun modeling can be used to predict where ghost cavitation can occur. Therefore, in principle, a workflow could be developed to quantify grossly if and how much high-frequency signals could be generated by this mechanism, given the source array configuration, and further change the configuration to reduce to a very minimum the high-frequency signals, if deemed necessary. For an airgun array consisting of two subarrays separated by 6 m and fired at 9 m depth, we found that the high-frequency signals emitted between 1 and 10 kHz were of similar strength to the noise from conventional cargo ships, depending on their size and the vessels' speed.
INTRODUCTION
The use of near-field measurements measuring the acoustic signal at a distance of approximately 1 m from each air gun in a marine air-gun array is proposed and demonstrated by Ziolkowski et al. (1982) , and it is later improved by Parkes et al. (1984) . Landrø et al. (1991) test the method on compact air-gun arrays and find that the near-to far-field method produces instable results in this case. Later, Landrø (2000) suggests that when air guns are placed close together, the total pressure in the water (close to and above the air guns) might approach zero, meaning that cavitation might occur. The explanation for this is that when several ghost signals (with negative dynamic pressure) add together, the resulting pressure in the water might approach zero. If the near-field hydrophone is located in an area where cavitation could occur, nonlinear effects consequently will also occur, and thus the extrapolation to the far field will be less valid. Landrø et al. (2011) present measurements that indicate that this indeed might actually occur, and suggest to use the term ghost cavitation for this. Later on, the repeatability properties of this ghost cavitation signal were studied (Landrø et al., 2013) . In this paper, we will focus mainly on high-frequency signals created by the ghost cavitation effects. Other effects that may generate high-frequency signals are phenomena related to the release of air in individual air guns, such as clicks from the solenoid, cavities formed close to the air gun, and jumping of the guns. These effects are discussed in more detail in Landrø et al. (2011) .
The experiment used in the two previous papers (Landrø et al., 2011 (Landrø et al., , 2013 was not designed to confirm that ghost cavitation actually is a cause for high-frequency signals generated by compact marine air-gun arrays. Therefore, in this paper, we present results from a dedicated test in which we investigate if ghost cavitation occurs, and finally how we can use this knowledge to reduce this signal if needed.
Recently, Coste et al. (2014) presented a new air gun specially designed to reduce the high-frequency emission. They show that the primary peak from the new gun is less sharp and therefore contains fewer high frequencies compared with a conventional air gun. Using near-to far-field simulation, they find that the new source should be capable of reducing the emitted signals by approximately 10 dB for the frequency range between 100 Hz and 10 kHz. More than 10 kHz, this difference is less pronounced. To some extent, this new source is expected to reduce the amount of ghost cavitation because the primary peak is reduced somewhat. For near-field recordings, they find that the primary peak is reduced from 3.9 to 3.0 bar-m, corresponding to a 23% decrease. Nevertheless, it is also important to be aware of the ghost cavitation effect, which is more coupled to how we design and operate our marine air-gun source arrays, and not to the design of the individual guns.
The growing interest in high-frequency emission from marine airgun arrays is mainly driven by environmental concerns. We know that marine mammals and fish have hearing curves that extend well above the seismic frequencies (0-100 Hz) and up to 200 kHz. Some studies of the high-frequency sound from air-gun arrays are Goold and Fish (1998) and Breitzke et al. (2008) . Amundsen and Landrø (2010) , review and plot hearing curves of marine mammals. Southall et al. (2007) present a comprehensive review on marine mammal hearing and suggest criteria for when various behavioural effects might occur. Laws (2012) uses the work of Southall et al. (2007) to estimate the extent of hearing damage zones around a seismic source. Groenaas et al. (2011) present a new system for detection of whales during seismic acquisition. The purpose of this paper is to present results from a dedicated experiment focusing on ghost cavitation sound, and to suggest some ways to attenuate this signal. Figure 1 shows data from the experiment discussed in Landrø et al. (2011) . For details on acquisition and analysis, we refer to that paper. Figure 1a shows a comparison between the recorded signals at the seabed approximately 60 m below a large air-gun array (2730 in 3 ) and a single 300 in 3 air gun. In the upper plot, the two signals have been normalized to one to ease the comparison. For the full array (black line), we notice that the primary peak is wider (48-55 ms) than for the single gun (48-53 ms), which we attribute to variations in firing time delays and sizes in gun volumes for the large array. This causes a corresponding shift of 1-2 ms in the minimum for the ghost signals that occur at 55 ms for the single gun and 56.5 ms for the full array. Approximately at 58 ms, we observe the start of a high-frequency signal for the full array, lasting for approximately 7 ms. This is what we interpret as the ghost cavitation signal. Figure 1b shows that after a 30 kHz high-pass filter, this signal is significantly stronger for the full array than for the single gun. Actually, there is no such high-frequency signal for the single gun in the corresponding time span (after the ghost signal). Landrø et al. (2011) suggest that this high-frequency signal is caused by cavities created by the collective ghost reflections from multiple air guns. Because this signal is not observed for the single gun, it is likely for us to assume that the signal is caused by some kind of interaction, or the fact that the air guns are relatively close together in a regular air-gun array. To test the validity of this ghost cavitation hypothesis, we decided to perform a dedicated experiment in which the distance between the subarrays in an air-gun array is changed. If the high-frequency signal observed after the ghost reflection is caused by ghost cavitation, we should expect that the strength and amount of this cavitation signal should decrease if the distance between air guns is increased. We also observe that there is a high-frequency signal associated with the air escaping from the air-gun ports (marked by an arrow in the lower plot in Figure 1 ). We think that this signal is attributed to collapses of small cavities close to the air-gun ports. Furthermore, we think that these cavities are created by rapid water movements close to the air gun, similar to cavities collapsing at propellers. In addition to the acoustic experiments, we also decided to acquire high-speed photos by mounting a camera at one of the gun strings.
BACKGROUND AND MOTIVATION FOR A DEDICATED GHOST CAVITATION EXPERIMENT

THE FIELD EXPERIMENT
The field test was performed offshore Congo in 2011. The shooting vessel was the M/V Princess, and several configurations of the source array were tested. The weather conditions were good (calm seas) during the experiment. The water depth varied between 1500 and 3000 m for the test, and the vessel speed was less than 2 knots. The high-frequency data were recorded by a hydrophone suspended at 17 m below the source array. It should be noted that there is an uncertainty related to the actual position of the hydrophone because there will always be some deviations due to towing effects. The hydrophone sampling rate is 0.00192 ms, which gives a Nyquist frequency of approximately 260 kHz. The source array con- Figure 1 . (a) Recorded far-field signals of full array (black) and a 300 in 3 single air gun (gray). The data have been normalized prior to plotting (the maximum amplitude of the full array is 8.3 times that of the single gun). (b) The same data after applying a 30 kHz high-pass filter, absolute value, and smoothing. Notice that cavitation signals are observed prior to the main peak for the single gun (marked by arrow) and after the ghost signal for the full array, denoted as ghost cavitation. The ghost cavitation signal is approximately 10 times stronger than the high-frequency signal observed approximately 50 ms for the full array. sisted of two subarrays, as shown in Figure 2 . All air guns in the source array are G-Gun II. The minimum time between shots was 10 s. Source depths of 6 and 9 m were tested, as well as increasing the crossline separation distance between the two subarrays from 6.5 to 8 m. Some tests in which the two subarrays were displaced by 10 and 20 m were also conducted. Unfortunately, the first peak and the corresponding ghost (strongest signals) of the signal were saturated or clipped on most recordings. However, the high-frequency signal, which is our main focus here, is retained for many of the experiments, and those measurements are the ones that have been used. Our main argument for assuming that the data recorded after the peak and ghost signals are valid for this analysis is that they appear similar to previous unclipped data (shown in Figure 1 and discussed in previous papers [Landrø et al., 2011 [Landrø et al., , 2013 ).
The recording system includes an EA-SDA14 recorder (24-bit Sigma Delta) working at 312.5 kS∕s, with four calibrated channels (AE0, 1 dB), and each channel is connected with a HTI-99-HF hydrophone, with a frequency response from 2 Hz (−3 dB) to 125 kHz (−3 dB). The sensitivity of the HTI-99-HF hydrophone is 204 dB re 1 V∕μPa. No gain was applied on the hydrophones. The clipping occurred at AE0.5 V. We had planned to place the hydrophones at a much deeper position and calculated the necessary hydrophone sensitivity. However, during the test, the hydrophones stayed at a shallower depth, and this caused the saturated peak signals.
GHOST CAVITATION VERSUS SOURCE SEPARATION DISTANCE
The existence of ghost cavitation as proposed by Landrø et al. (2011) has not been proven so far. It might be difficult to do so, but one way to establish this theory is to simply increase the crossline spacing between the two subarrays in an air-gun array. We should then expect that the amount of ghost cavitation signals (high-frequency signals) should decrease, simply because the acoustic energy of the ghost signals in the area between the two subarrays will be less, and that the potential area in which cavitation might occur will be reduced. Figure 3 shows the recorded signals for two different subarray separation distances: 6.5 and 8 m. We notice that the signals are saturated at the maximum peak (shown as dashed lines at the top of the figure) and that the signal corresponding to the closest separation distance is more saturated than the other. Because the ghost cavitation signal is expected to arrive 6-20 ms (see Landrø et al., 2013) after the primary peak, we think that the ghost cavitation signal is not heavily influenced by this saturation effect. We observe that the ghost cavitation signal is saturated for times between 44.7 and 45.2 ms for a 6.5 m separation distance. The effect of this saturation effect is minor when a 10 kHz high-pass filter is applied to the data, as shown in Figure 4 . There are two key observations that can be made from Figure 4 : The amplitude of the high-frequency signal is reduced for the larger separation distance. Furthermore, we also observe that there is a time delay of approximately 1 ms between the 6.5 and 8 m separation distances. To investigate this issue in more detail, we performed a simple source modeling study using the method described in Ziolkowski (1970) . The modeling example (not identical to the experiment, but very similar, so it is used for the purpose of illustrating the effect) in Figure 5 confirms these observations: The time window for when cavity production is possible is shifted and reduced in length as the separation distance is increased. Another similarity that is striking between Figures 5 and 3 is that the width of the peak signal (although saturated in Figure 3 ) increases as the separation distance increases. In Figure 5 , all modeled values that are below the green straight line correspond to negative absolute pressure, which of course is unphysical. It simply means that the linear assumption that we use when we superimpose the signal from each individual air gun in the array is breaking down. In reality, when nonlinear effects are included, these pressure values will approach zero, and therefore we will assume that when this occurs for the linear model, this is an indication that cavity production might occur. Furthermore, we also observe that the actual level of negative pressure decreases with separation distance. A more realistic modeling for the actual configuration used in the field experiment is presented in Figure 6 , where we observe a 3D version of the "cavity cloud" surrounding the gun array. In this figure, we have used conventional air-gun modeling (Ziolkowski, 1970) to estimate volumes in the water column, in which the modeled pressure is below a certain threshold. There are also source modeling approaches for generator injector guns (Landrø, 1992) and water guns (Landrø et al., 1993) Figure 2. Configuration of the source array. The port and starboard subarrays are identical with a volume of 1200 in 3 (19.7 l). The volume of the full array is 2400 in 3 (39.3 l). available. In the current modeling example, we have used a threshold value of −0.1 bar. We observe that after 14.5 ms (Figure 6a ), a cavity cloud is formed above the center of the array (midway between the two subarrays and above them); 2 ms later (Figure 6b ), this cloud has increased significantly, covering approximately half of the available volume above the air-gun array. The shape is ellipsoidal, and it is likely for us to assume that at this time a lot of cavities are formed (above the array). After 18.5 ms, the cavity cloud has decreased in volume and also descended below the array, and finally after 19.5 ms, the cavity cloud is small, and it will disappear within the next millisecond. This means that according to this 3D modeling example, the time window for cavity production is approximately 7 ms. A similar modeling example is shown in Figure 7 for the case in which the separation distance between the two subarrays is increased to 9 m. We observe essentially the same cycle as described for Figure 6 ; however, in this case, the size of the cavity cloud is smaller, simply due to the increased separation distance. Hence, we expect more ghost cavitation for the closest separation distance, and this is exactly what we observe in Figure 4 . Figure 8 shows a smoothed version of Figure 4 , after taking the absolute values first, then smoothing each trace, followed by stacking 16 shots. The time window in which the ghost cavitation signal is saturated, is shown as gray and light-red rectangles for subarray crossline separations of 6.5 and 8 m, respectively. These rectangles might vary slightly for different shots, and here we have shown those corresponding to the shot shown in Figure 4 . This gives a clearer impression of the amplitude levels of the high-frequency signal for the two separation distances: The maximum high-frequency level is reduced by approximately 23% (1.3-1.0) by increasing the separation distance by 1.5 m. We also observe that the highfrequency signal from the wider array is delayed by approximately 0.7 ms compared with the close separation case. This is in qualitative agreement with the modeling example shown in Figure 5 , where a time delay of 1.6 ms is observed. The subarray distance is increased from 6.5 to 8 m in the field test ( Figure 8 ) and from 6 to 10 m in the modeled example shown in Figure 5 , which explains why the time shift is somewhat larger for the modeled case. If only the port array is fired (blue line in Figure 8 ), we notice that the corresponding amount of ghost cavitation signal is significantly weaker and shorter in duration. This corresponds to increasing the crossline separation distance to infinity.
If we apply a 130 kHz high-cut filter to the data, this difference is more pronounced, as shown in Figure 9 . When comparing Figures 8 and 9, we notice that the amplitude level decreases by a factor of approximately 6 for the closest separation distance. For the wider array (8 m separation distance), the same ratio is approximately 8.
In this context, it is useful to introduce the cavitation number (see, for instance, Ceccio and Brennen, 1991) :
where P is the water pressure, P v is the water vapor pressure, ρ is the water density, and U is the water velocity. Ceccio and Brennen (1991) perform cavity experiments using a low-turbulence water tunnel to generate cavities, and they find a slightly larger difference between cavitation values (σ) equal to 0.45 and 0.55 at 130 kHz compared with 10 kHz (Figure 21 in their paper). In our case (where the cavitation is caused by the ghost signal), a narrow source array will generate a lower water pressure than a wider array, which fits with the observed difference between the 10 and 130 kHz case for the two array configurations. Figure 10 shows amplitude spectra for the two array configurations (narrow and wide), and we clearly observe that the difference is increasing with increasing frequency. This increase is not as evident in Ceccio and Brennen (1991) . Finally, the existence of high-frequency signals more than 130 kHz strongly supports the idea that this signal is mainly caused by cavitation.
GHOST CAVITATION FROM SINGLE SUBARRAYS
According to the ghost cavitation theory (Landrø et al., 2011) , it should also be possible to create ghost cavitation from a single subarray given that the total ghost signal is above a certain threshold. This is probably the case, as is shown in Figures 11 and 12 . The level of this signal is approximately nine times weaker than the corresponding high-frequency signal from the full array using a 6.5 m separation distance (Figure 8 ; solid blue line). Furthermore, we notice from these figures that when the source depth is reduced, Figure 4 . The same signatures as in the previous figure, after application of a 10 kHz high-pass filter. Black and gray represent separation distances of 6.5 and 8 m, respectively. We observe that the amount of high-frequency signal decreases with separation distance and that the envelope of the high frequency (HF) signal is delayed by approximately 1 ms. Amplitude units are arbitrary. there is only a minimal increase in the strength of the cavitation signal. However, the timing of the deeper source is shifted by approximately 1.8 ms (after aligning the two measurements at the primary peak). This corresponds roughly to the traveltime difference between the two source depths, which is 2 ms (assuming 3 m difference and 1500 m∕s sound velocity). This indicates that the area or volume where cavity creation occurs is practically the same for the two cases, maybe with slightly less volume for the deeper source because the ghost signal is expected to be weaker then. If this highfrequency sound is created by bubble motion close to the air guns, we should not have observed a delay like this; then the two highfrequency signal bursts should have been aligned (when the primary peaks are aligned, as in our case).
It is somewhat surprising that the amplitude difference between the two curves in Figure 12 is not larger, because the ghost amplitude difference should be of the order of 30%-40% due to the difference in source depth between the two experiments (assuming that the ghost cavity cloud is at approximately the same depth). In Figure 13 , we have plotted the eight individual shots in the same manner as in Figure 12 , and we clearly observe that the deeper source gives more stable results. The weather conditions did not change significantly between the 9 and 6 m experiments. We notice from Figure 6 . (a-d) Modeled volumes for cavity creation for 14.5, 16.5, 18.5, and 19.5 ms for a substring separation distance of 6 m. We have assumed that cavity creation occurs if the modeled pressure is less than −0.1 bar. We notice that the maximum cavitation volume occurs at 16.5 ms, is located above the gun array, and descends with time.
Reducing high-frequency signals P51 Figure 13 that some of the individual signals actually produce an amplitude level that is higher than the corresponding signals from the deeper source, as expected. Comparing photos (Figure 14) taken at the two days (but not necessarily at exactly the same time) for the two experiments, we observe only small changes in the sea state. According to the observers' log, the swell size was approximately 2 m for both experiments. If we assume that the sea surface has a sinusoidal shape, the ghost reflections will be focused and defocused due to the shape of the surface. According to Aizenberg et al. (2008) , this curvature effect might be modeled using the effective reflection coefficient concept. This effective reflection coefficient depends on the parameter R Ã :
Here, we have assumed an incidence angle of zero, R S is the distance from the source to the curved interface (in our case, equal to the source depth), and κ is the curvature of the sea surface. Figure 15 shows R Ã as a function of source depths for κ ¼ 1∕2 m −1 and κ ¼ 1∕3 m −1 . We notice that the absolute value of R Ã is larger for shallower source depths and that the difference increases as the curvature decreases. Such focusing and defocusing effects are therefore expected to be stronger for shallower source depths. This might lead to increased cavitation activity (if the ghost signals are focused) or Figure 7 . (a-d) Modeled volumes for cavity creation for 14.5, 16.5, 18.5, and 19.5 ms for a substring separation distance of 9 m. We have assumed that cavity creation occurs if the modeled pressure is less than −0.1 bar. We notice that the maximum cavitation volume occurs at 16.5 ms, is located above the gun array, and descends with time.
decreased cavitation activity (if the ghost signals are defocused). The combined effect of focusing and defocusing might explain why the 6 m data are less repeatable compared with the 9 m data. However, on average, we expect focusing to appear as much as defocusing, and therefore if we include more shots into our stacked high-frequency signal, there should be a difference between the 6 and 9 m source depths, because the average ghost signals are stronger for the shallow source depth. In a second run, we therefore increased the number of shots to be stacked from 8 to 16, and then the difference between the 6 and 9 m data is significant (almost a factor of 2), as shown in Figure 16 . This means that the shape of the sea surface influences the ghost cavitation signal, but on average, a shallower source depth generates more ghost cavitation than a deeper source depth.
When we use air-gun modeling to estimate cavity clouds surrounding the single subarray, we find no clouds in this case. This means that there is a mismatch between our interpretation given above and the air-gun modeling. If we use a cut-off value of Figure 8 . The absolute value and smoothing of the signals are shown in Figure 3 . Black and red curves correspond to 6.5 and 8 m subarray separation distance, respectively. Notice that the maximum high-frequency signal is reduced by a factor close to 4. A 10 kHz high-pass filter has been applied to the data prior to the absolute value and smoothing, and 16 succeeding shots have been stacked for each case. The blue curve shows the same type or response for the case in which only the port array is fired at a 9 m depth. The gray and light red boxes show where the signal has been saturated (see Figure 3) for the 6.5 and 8 m data, respectively. Figure 9 . The absolute value and smoothing of the signals shown in Figure 3 . The black and red curves correspond to 6.5 and 8 m subarray separation distance, respectively. A 130 kHz high-pass filter has been applied to the data prior to the absolute value and smoothing. Notice that the difference in this case is slightly larger than for a 10 kHz high-pass filter. The blue curve shows the same type or response for the case in which only the port array is fired at a 9 m depth. The gray and light red boxes show where the signal has been saturated (see Figure 3) for the 6.5 and 8 m data, respectively. Figure 10 . Amplitude spectra of a full array with 6.5 m subarray separation (black line) and 8 m spacing (red line). The port array only is shown in blue. The source depth is 9 m, and five spectra were stacked and then smoothed for this plot. Notice that the difference between the narrow and wider array configurations increases with frequency and that the difference is even larger for the port array only (blue). Amplitude values are arbitrary. Figure 11 . Signals measured at the hydrophone at 17 m depth for a single subarray (port array) for source depths of 6 (black) and 9 m (red), respectively. The units along the amplitude axis should be multiplied with 0.106 to convert into bar. Figure 12 . Amplitude stacks (after 10 kHz high-pass filter, absolute value, and smoothing) for eight shots when a single subarray (port array) is fired at 6 (black) and 9 m (red) source depth. Both signals are aligned at the primary peak (Figure 10 ). Notice the time shift of approximately 1.8 ms between the two high-frequency signals. The amplitude axis units are arbitrary.
Reducing high-frequency signals P53 0.2 bar as an example (instead of −0.1 bar as used previously), we observe clouds corresponding to volumes in which the absolute pressure in the water is less than 0.2 bar (Figure 17 ). This could either indicate that ghost cavitation might occur also for pressure values above the water vapor pressure or that air-gun modeling underestimates the effect. We believe that the latter is most likely. Air-gun modeling software is calibrated for frequencies between 5 and 250 Hz. It is therefore likely that the high-frequency response of air-gun modeling is not very accurate, and hence the maximum peak of each individual air gun might be slightly lower than in reality. Hence, a cut-off value of 0.2 bar might actually correspond to a cut-off value closer to zero.
Finally, we point out that the experiment of using only one subarray actually corresponds to an infinite separation distance (between subarrays). We can therefore assume that we have three measurements for how the high-frequency signal varies with separation distance: 6.5, 8 m, and infinite. These observations might be fitted to an exponential decay curve as shown in Figure 18 , where the single string results are shown as dashed asymptotes for the exponential decay assumption. It is important to note that an exponential decay is an educated guess, and it is not based on a proper physical consideration. However, Figure 18 summarizes two of the main experimental results so far in a simple way: Increasing the separation distance between the subarrays in an air-gun source Figure 13 . Individual amplitude plots (after a 10 kHz high pass, absolute value, and smoothing) of the eight shots used to obtain the stacked signals shown in Figure 11 for (a) 9 m source depth and (b) 6 m source depth. Only the port array is fired. Notice that the ghost cavitation signal (a) from the deep source is more stable than that (b) from the shallow source. This is probably caused by the changing weather conditions between the two experiments. The units along the amplitude axis are arbitrary. array reduces the amount of high-frequency signal significantly, and the decay is more rapid for higher frequencies.
ATTENUATING GHOST CAVITATION BY FIRING EXTRA GUNS
One way to try to counteract the ghost cavitation is to fire one or several air guns at a delayed time. This delay time should be optimized, so that the signal produced exactly counteracts the negative pressure signal as shown in, for instance, Figure 5 . According to this figure, a good choice for the firing time delay could be 6-7 ms. From Figure 3 , we notice that the delay time between the primary peak and the onset of the ghost cavitation signal is approximately 8 ms. In the field experiment, we delayed two guns in the array by 11 ms, and the resulting amplitude behaviour is shown in Figure 19 . We observe that the two signals are very similar until 46 ms, where the signal corresponding to the experiment with two delayed air guns suddenly drops, whereas the full-array signal continues to increase in strength. This corresponds roughly to our expectations: The delayed air-gun signals counteract the ghost signals created by the majority of the guns in the source array, and the primary signals from these air guns counteract the ghost signals almost perfectly after 46 ms. Unfortunately, we did not test a shorter time delay, so we do not know for sure if we could actually attenuate more of the cavitation signal by using shorter time delays. Figure 19 only suggests that this is the case. It is however important to remember that the width of the primary signal for a single air gun is limited, typically 1-3 ms (depending on the frequency content). Because the total duration of the cavitation sound is typically longer than this (5-10 ms), it might be a good idea to use several guns with different time delays to attenuate this signal. It is evident from this example, Figure 16 . Amplitude stacks (after 10 kHz high-pass filter, absolute value, and smoothing) for 16 shots when a single subarray (port array) is fired at 6 (black) and 9 m (red) source depth. Both signals are aligned at the primary peak (Figure 10 ). The amplitude axis units are arbitrary. Figure 17 . Modeled volumes for "cavity creation" for (a) 17 and (b) 18 ms when only the port array is fired at 6 m depth. In this, the cut-off level for cavity creation is set to 0.2 bar, which means that the purpose of the figure is to show that the modeled pressure is low in some areas above the array, but not as low as zero, according to the air-gun modeling. however, that the principle works, and this is an alternative way of reducing ghost cavitation sound, in addition to simply increasing the distance between the subarrays in the source array.
Firing two guns at a delayed time means that the primary signal of the air-gun array is somewhat reduced (corresponding to the primary peak contribution from these two guns). This also means that the amplitude spectrum will also be slightly changed because of this. The amount of change depends on the ratio between the number of guns being used to attenuate the ghost cavitation and the total number of guns in the array.
CAN WE ACTUALLY SEE THE GHOST CAVITATION?
As an attempt to visually observe the ghost cavitation sound, we installed a high-speed camera on one of the source strings. Figure 20 shows a sequence of photos taken at different times after the gun array has fired. We observe part of a weak "cloud" in the upper left of these photos, and we see that this cloud is most visible 16 ms after the source has been fired. When we compare this with the modeling example shown in Figures 6 and 7 , we observe that a cavity cloud appearing slightly above the air-gun array (and indeed also above the clustered guns) after approximately 16 ms is indeed very likely. In the photo sequence, the first two guns (to the right in the figure) are single guns, and if we compare the upper right photo in Figure 20 with Figure 6b , we actually observe that the outskirt of the cavity cloud is close to (and above) the two single guns at the tail of the array. According to our acoustical observations, this delay time of 16 ms does not fit exactly with our observed acoustic measurements, where we observe the main burst of high-frequency sound between 8 and 16 ms (see Figure 3 ) after the source is fired. However, as shown in Figure 21 , this time window is actually broader than 8 ms, probably up to 15-16 ms. How much of the signal observed after the main peak (at 45.5 ms) is caused by ghost reflections of the ghost cavitation and how much is caused by direct cavity collapses is hard to judge. Based on simple modeling (that will be discussed in the next section), we find that it is probably a combination of both. Therefore, we conclude that the observed cloud anomaly on the photo sequence, the air-gun modeling examples and the measured acoustic data are consistent, and we confirm the hypothesis that the high-frequency sound is caused by ghost cavitation.
Why do we think that the cavitation collapse is visible on highspeed photographs? One physical effect behind this observation is cavitation luminescence. This is first observed by Marinesco and Trillat (1933) . Although the physical effect is the collapse of the cavity, it is also often referred to as sonoluminescence. A comprehensive review of this phenomenon is given by Brenner et al. (2002) . In the theory of cavitation luminescence, it is assumed that the temperature inside the cavity reaches values of greater than 5000 K at the final stage of the collapse. Photons are released during this process, which might be observable on high-speed photographs. Another explanation for the observation on the photo is Figure 21 . Recorded signal from the full array fired at 9 m depth with a subarray separation distance of 6.5 m. The data have been filtered with a 10 kHz high-pass filter. Notice that the full length of the ghost cavitation signal is approximately 15 ms (from 40 to 55 ms). The primary peak is at 32 ms in this case. The gap at approximately 47 ms is caused by saturation of the data. Amplitude axis units are arbitrary. Figure 19 . Amplitude stacks (after 10 kHz high-pass filter, absolute value, and smoothing) for eight shots for the full array (black line) and eight shots, where two individual guns were delayed by 11 ms (red line). Amplitude axis units are arbitrary. Figure 20 . High-speed photos of one subarray for four different time instants after the source has been fired. We notice a "cloud" appearing after 8 ms that maximizes at approximately 16 ms and disappears again after 24 ms. This corresponds roughly to our acoustic observations of ghost cavitation.
the simple explanation that what we see is a swarm of cavities (prior to their collapse).
AN ATTEMPT TO MODEL GHOST CAVITATION SOUND
As shown in Figures 6 and 7 , we assume that a cavity cloud is formed in the vicinity of the air-gun array. We assume that numerous small cavities are formed within these clouds. The time needed to create a cavity is unknown, but we will assume that this time is very short. This means that we assume that a cavity is "born" instantly because the pressure is below a critical value (that is close to zero). Note that in principle (depending on the design of the air-gun array), there might be several clouds generating numerous cavities. These cavities collapse within a short time according to the formula derived by Rayleigh (1917) :
where T is the collapse time for the cavity, R is the initial cavity radius, ρ is the density of water, and p h is the hydrostatic pressure. If several cavities of various sizes collapse, their collapse time will also vary, and the biggest cavities will collapse at later times according to Rayleigh's equation. Based on the source modeling examples shown in Figures 6 and 7 , we assume that the number of cavities (n) and their initial radius (R) have maxima (n o and R o , respectively) when the pressure has a minimum and that the modeled pressure is below zero. We therefore assume the following equations for these two parameters:
In equations 4 and 5, we will assume that n and R are zero for t > 2t 0 . The time 2t 0 corresponds to the time window, where cavity production is possible, that is when the absolute pressure is modeled to be below zero. An example of n and R as a function of time is shown in Figure 22 . Because the two parameters have the same quadratic dependence, the normalized versions are identical. It is reasonable to use a quadratic assumption as suggested in equations 4 and 5 because the lower the pressure is, the higher is the probability for cavity generation. The same argument is valid also for the initial radius of the cavities: It is most likely that the largest cavities are formed when the pressure reaches the minimum value (in our model, that corresponds to t ¼ t 0 ). It should be noted that apart from the modeling example shown in Figures 6 and 7 , equations 4 and 5 are phenomenological and are not an attempt to describe the complex physics of cavitation. The nice feature of such a simple model is that it predicts the skew behavior that we observe in the field data: When we assume that the biggest cavities are formed when t ¼ t 0 , these cavities will have a long collapse time (according to equation 3), whereas cavities created at times longer than t 0 will have a shorter collapse time, and hence we will get an increased number of collapses occurring for the interval t 0 < t < 2t 0 . A comparison between observed and modeled amplitude of cavitation signal versus time is shown in Figure 23 . For this modeling case, we have used t 0 ¼ 3.5 ms and R 0 ¼ 2 cm. We notice that the modeled response is very similar (but not identical) to the measured signatures. In this example, we have also added the source ghost to the modeled data, assuming reflection coefficients of −0.6 and −0.2, respectively. These rather low numbers are used to account for the fact that we model high-frequency signals. In the modeling, we have assumed that the center of the cavity cloud moves relatively slowly downward, as can be observed from Figures 6 and 7. The physical cause for this vertical motion of the cavity cloud center is that two effects counteract: For shallow depths, the alignment of the ghost signals that occur at the cloud center is weak (the travel paths are different). This alignment improves with cloud depth. The other effect is that the amplitude strength of the ghost signals decreases with cloud depth, causing the cloud center to move slowly (slower than the water velocity) downward with recording time. In the current example, we used a downward cloud velocity of 500 m∕s in our simplified modeling. This downward cloud velocity is needed to compute when the ghost signals of the collapsing cavities arrive. We notice from this comparison that it is not easy to recognize the ghost of the ghost cavitation signal in the field data. This might be an indication that the simple one-cloud model used here is not sufficient to model the cavity response. However, we observe that the frequency content of the potential ghost of the ghost cavity signal is weaker for frequencies of greater than 100 kHz (the red curve in Figure 23a ) than for lower frequency bands. We think this is caused by a reduction in the magnitude of the sea surface reflection coefficient as frequency is increased (for a more detailed discussion on this issue, see Landrø et al., 2013) . Therefore, we think it is reasonable to assume that some of the signal observed after the main peak is caused not only by the ghost of the ghost cavitation, but also from cavities collapsing after the main burst of collapses.
COMPARISON WITH CAVITATION CAUSED BY COLLAPSING BUBBLES
We have seen that it is possible to create high-frequency cavitation sound by single-string arrays. The amplitude level of singlestring high-frequency sound is approximately seven to eight times weaker than that of a full array (using a high-pass filter of 10 kHz). Is it possible that the bubble oscillations that occur for all air-gun arrays are strong enough to create some high-frequency cavitation Figure 22 . Modeled distributions of number of cavities (n) and initial cavity radius (R) as a function of time. Both distributions are normalized to one, and therefore the two curves are identical: t 0 ¼ 3.5 ms is used in this case.
Reducing high-frequency signals P57 signal? Figure 24 shows a comparison between the amplitude levels of recorded signatures (after applying a 10 kHz high-pass filter) of a full array using 6.5 m subarray separation distance and 8 m. We clearly see that there is a weak cavitation signal for both configurations. The amplitude strength is approximately 70 times weaker than the cavitation signal created by the primary ghost reflections, but it is clearly observable. We observe the same high-frequency signal also for single subarrays. Hence, it is very likely that this type of cavitation signal is generated by the collapse of individual bubbles and not by any kind of ghost cavitation effects. Although the primary and ghost signals in Figure 24 appear to be nonsaturated and okay, they are actually saturated. Hence, the primary-to-bubble ratio is not correct in Figure 24 because the amplitude of the primary is not correct.
DISCUSSION
Unfortunately, the recorded data in this experiment were saturated. This mainly caused problems for the first strong arrivals, and we have assumed that later and weaker events are not influenced by this. We used visual inspection to judge whether the data were saturated or not. Because the amplitude behavior of the highfrequency signal is very similar to previous measurements (Landrø et al., 2011 (Landrø et al., , 2013 , we assume that this error has not damaged the analysis of the high-frequency signal significantly. It is mainly the primary peak and the following ghost that are clipped; however, as can be seen from Figure 3 , there is a short sequence (a millisecond duration) of clipping at approximately 44-47 ms. A comparison between the ghost cavitation signal and, for instance, the highfrequency signal created by individual air guns is not possible for this data set due to this saturation. Most of the high-frequency signal created by single air guns occurs immediately after the primary peak, and this part of the signature is lost due to saturation. This is discussed in more detail in the section "High frequencies from a single air gun" in Landrø et al. (2011) . All experiments performed in this test confirm the hypothesis of ghost cavitation: The cavitation signal decreases as the subarrays are pulled farther apart from each other, the signal decreases with source depth, and the signal also decreases if the subarrays are shifted or misaligned in the sail line direction to each other (this example is not shown in this paper). Furthermore, if single air guns are fired at a delayed time to the main array (in our case 11 ms), there is an immediate decrease in the high-frequency signal, indicating that the positive signal from the single air gun counteracts the negative ghost reflected signal from all the other guns. The fact that we observe high-frequency signals at greater than 130 kHz is a strong indication that this sound is produced by collapsing cavities.
We find that there are several ways to attenuate the ghost cavitation sound: increasing the width and the length of the air-gun array (meaning that the distance between individual guns is increased), increasing the source depth, and using multilevel sources. Air-gun modeling can also be used to estimate the degree of ghost cavitation.
If air-gun modeling shows that there are no negative pressures occurring in the water above the array, this is a strong indication that ghost cavitation will be weak.
How strong is the ghost cavitation signal compared with other sound sources? Figure 25 shows the amplitude spectra normalized to 1 micropascal at 1 Hz and at 1 m. At 1 kHz, the signal is approximately 150 dB, which is comparable or less than typical noise levels from ship traffic. Arvesen and Vendittis (2000) find that the noise level from a 25,000 ton (deadweight) cargo ship at full speed (15.6 knots) is 166 dB at 1 kHz and 156 dB at 10 kHz. Lowering the speed leads to a lowering of the noise level by 10-20 dB. However, we think it is reasonable to assume that ghost cavitation signals from marine air-gun arrays is generally lower or of the same sound level as commercial ship traffic. Kipple (2002) measures the underwater acoustic noise from several cruise ships and finds typical levels at 150 dB for a 10 knot vessel speed at 1 kHz increasing by approximately 10 dB if the speed is increased to 15 knots.
For frequencies greater than 100 kHz, we expect some intrinsic attenuation in the water layer. For 10 kHz, the typical attenuation is 1 dB∕km, and the corresponding value for 100 kHz is 30 dB∕km. The attenuation of sound in water is dependent on the water temperature, acidity, and salinity. In this experiment, the distance between the source and the hydrophone was between 8 and 11 m, meaning that attenuation effects should be minimal, also for frequencies greater than 100 kHz. In a previous paper (Landrø et al., 2011) , the source-hydrophone distance was approximately 50 m, and the ghost cavitation signals for this experiment and that discussed in the 2011 paper are very similar. We have not made any attempts to estimate the attenuation of sound in water based on these two experiments so far.
The amount and strength of the ghost cavitation signal are dependent of the sea surface reflection coefficient, as shown in Figure 13 in Landrø et al. (2013) . However because a major part of the energy Figure 23 . Comparison of ghost cavitation amplitude (after absolute value and smoothing) for (a) full source (9 m depth and 6.5 m separation distance) and (b) modeled amplitude response. (a) The black curve represents 2 kHz high pass, the dark gray 10 kHz, and the light gray 100 kHz high pass. For the right figure, the black curve represents a reflection coefficient of −0.6 and the gray curve −0.2. In the modeling, t 0 ¼ 3.5 ms. All curves are normalized to their maximum peaks. emitted by an air gun is of relatively low frequency (20-50 Hz), it is not very likely that the reflection coefficient is significantly different from −1 for this frequency band, as shown in Figure 20 in Landrø et al. (2013) .
Will ghost cavitation signals be a prominent part of the highfrequency signals emitted by air-gun arrays also when the water surface is covered by ice, as for instance in arctic areas? In this case, the "effective" reflection coefficient of the free surface is practically unchanged, as shown in Appendix A. This means that the amount of cavity creation will be practically the same if an air-gun array is fired in water covered by ice. For higher frequencies, the actual shape of the bottom of the ice will influence the scattered wavefield, an effect similar to a nonsmooth water-air surface. We have also assumed that the ice is nonporous and homogeneous in this case. Yamamoto and Badiey (1986) discuss an example in which they estimate the reflection coefficient for inhomogeneous transversely isotropic porous sea ice. For angles of incidence less than 10°, they find that the absolute value of the reflection coefficient is practically equal to 1 for frequencies of 0.5, 1.0, and 3.0 kHz.
CONCLUSION
For compact air-gun arrays, we suggest that the ghost reflections could create "cavity clouds" around the array, first above the air-gun array, and at a later stage also below the array. We refer to this phenomenon as ghost cavitation. These cavities create high-frequency sound at the collapse, and are one of the major causes for the highfrequency signals (more than 10 kHz) generated by marine air-gun arrays. We find that the amount and strength of this high-frequency signal decrease if the separation distance between the subarrays is increased. Also, single subarrays may create a ghost cavitation sound, although it is weaker in signal strength compared with full arrays. The amount of ghost cavitation decreases with increasing the source depth. The sea state and especially the shape of the sea surface influence the ghost cavitation. Firing single air guns at a delayed time to counteract the ghost cavitation lead to less high-frequency sound. The actual delay for this type of attenuation is critical. High-speed photos show a cloud anomaly that is consistent with air-gun source modeling and the acoustic-field measurements. For an air-gun array consisting of two subarrays separated by 6.5 m and fired at 9 m depth, we find that the high-frequency signals emitted between 1 and 10 kHz are of the same strength or weaker compared with conventional cargo ships, depending on their size and speed.
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APPENDIX A REFLECTION COEFFICIENT FOR ICE LAYER
In arctic areas, the water is often covered by ice. The thickness of the ice layer might vary between 0 and 5 m (Laxon et al., 2003) . The effective reflection coefficient for a seismic wave being reflected from a water surface covered by a thin ice layer is given by (Brekhovskikh and Godin, 1998) where r 1 and r 2 are the reflection coefficients for water-ice and iceair, respectively. The phase term is given as
where ω is the circular frequency, z is the thickness of the ice layer, and v ice is the P-wave velocity in ice. For simplicity, we have assumed horizontal layers and zero incidence waves in the above equations. The absolute value of the effective reflection coefficient (equation A-1) is equal to jR eff j ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi r 2 1 þ r 2 2 þ 2r 1 r 2 cos φ 1 þ r The water-ice reflection coefficient is approximately equal to 0.4 (r 1 ¼ 0.4), and the ice-air reflection coefficient is very close to −1 (r 2 ¼ −1). This means that the absolute value of the effective reflection coefficient (including tuning effects) is very close to 1. Hence, we conclude that the effect of an ice cover does not change the mechanism for cavity creation significantly.
